A high performance vanadium-doped LiFePO4 (LFP) electrode is synthesized using a continuous hydrothermal method at a rate of 6 kg per day. The supercritical water solvent rapidly generates core/shell nanoparticles with a thin, continuous carbon coating on the surface of LFP, which aids electron transport dynamics across the particle surface. Vanadium dopant concentration has a profound effect on the performance of LFP, where the composition LiFe0.95V0.05PO4 achieves a specific discharge capacity which is among the highest in the literature (119 mA h g -1 at a discharge rate of 1500 mA g -1 ). Additionally, a combination of Xray absorption spectroscopy analysis and hybrid-exchange density functional theory suggest that vanadium ions replace both phosphorous and iron in the structure, thereby facilitating Li + diffusion due to Li + vacancy generation and changes in the crystal structure.
Introduction
Olivine lithium iron phosphate (LFP) and its doped analogues have received significant attention for use as cathode materials in Li-ion batteries since their discovery by Goodenough et al [1] . The properties of LiFePO4 make it a promising candidate to replace LiCoO2 and other lithium transition metal oxides in many commercial secondary batteries. LiFePO4 offers, in theory, a moderate capacity of 170 mA h g -1 , relatively high thermal stability compared to LiCoO2 and contains abundant, inexpensive and non-toxic elements [2] . Unfortunately, pure bulk LiFePO4 possesses low electronic conductivity and ionic diffusivity, reported to be in the range of 10 -9 to 10 -8 S cm -1 and 10 -17 to 10 -12 cm 2 s -1 respectively [3] [4] [5] , which results in low discharge capacity at high discharge rates. To some degree, these limitations have been addressed by reducing the crystallite size and incorporating dopants such as Nb, V, and Mg to modify the crystal structure and improve bulk electronic conductivity [6] [7] [8] . In addition, the use of conducting carbons or polymer coatings on the particle surface has increased conductivity and discharge capacity [9, 10] .
Vanadium-doped LiFePO4 is of particular interest as a high-rate cathode material in Li-ion batteries, as doping has been found to increase discharge capacity at high discharge rates. The literature, however, contains conflicting findings with respect to the synthesis, phase behavior and performance of these materials. Some researchers have found the best performance is observed when vanadium is found exclusively within the olivine structure [11] . This has been attributed to decreased Li + diffusion activation energy barriers and increased electrical conductivity within the material [12] . Structural refinement has indicated the V ions can either occupy Fe or Li sites within LFP depending upon the stoichiometry of the precursors [13] [14] [15] [16] [17] .
Vanadium has also been found to occupy the P site [8] , although later attempts to repeat this substitution were unsuccessful [15] . However, optimal performance has also been found if vanadium-containing impurities such as Li3V2(PO4)3 or VO2 are present at the surface of the particles [15, 18, 19] . These are thought to improve electron and Li + transport dynamics between the particle surface and the surrounding cathode carbon matrix and electrolyte. These conclusions are supported by atomistic modelling research, which suggested aliovalent doping is impossible in LiFePO4 on energetic grounds [20] . Therefore there is still some debate regarding the exact nature of V-doping in these materials, and how they benefit the electrochemical performance.
The synthesis of carbon-coated LiFePO4 (hereafter referred to as LiFePO4/C) has been achieved through a number of methods, including solid-state and hydrothermal syntheses [21] [22] [23] . Solid-state reactions currently account for most industrial-scale syntheses of LiFePO4/C, although there is increasing interest in alternative methods as the solid-state synthesis process usually involves high temperatures, multiple steps and lengthy heat-treatments. In contrast, batch hydrothermal reactions typically require lower synthesis temperatures. By incorporating surfactants, some degree of control over particle size and morphology can be achieved, although inevitably the use of surfactants adds additional cost and complexity [24, 25] .
Continuous synthesis in flow processes is considered advantageous over batch type synthesis routes, as the former processes are often more flexible and can allow independent control over more reaction variables, and can rapidly convert ions in solution to the solid, often generating kinetic products. In continuous hydrothermal synthesis, a flow of supercritical water is mixed with aqueous metal salt in a well-defined mixer arrangement, resulting in rapid reaction of the aqueous metal salt to form nanoparticles. Continuous hydrothermal reactors have already been used for the production of nanoparticle metal oxides, and more recently have been extended to phosphates [26] [27] [28] [29] . Continuous hydrothermal synthesis of LiFePO4 was reported by Xu et al., where a precursor ratio of 1:1:3 FeSO4:H3PO4:LiOH produced phase-pure LiFePO4 for both subcritical and supercritical water feeds [30] . The use of supercritical water gave an increase in particle size compared to the subcritical case (made at a scale of ca. 0.3 g h -1 assuming 100% yield). In contrast, Hong et al. found crystallite sizes were smaller when supercritical water was used as a feed (100 nm, with numerous morphologies) as opposed to subcritical water (> 1 µm, with rhombic morphology), although in both cases there was significant variation in size and morphology with conditions (made at a scale of ca. 0.5 g h -1 assuming 100% yield) [31] .
A residence time of around 40 s was required to give the pure olivine phase. In contrast, Aimable et al. were able to synthesize LiFePO4 with a residence time of 12 s by using a Fe:P:Li ratio of 1:1:3.75 [32] . However, of the materials that were tested, the best high-rate performance of LiFePO4 yielded a comparatively modest capacity (105 mA h g -1 at 1 C). To our knowledge, there are no reports of scaled-up continuous synthesis of doped LiFePO4 or LiFePO4/C nanomaterial in the academic literature which provide high capacity and high-rate performance, although we are aware of commercial research in industry from Hanwha Corporation in Korea [33] .
The purpose of this study is to generate a high performance LFP-based electrode using a continuous, low-temperature hydrothermal process. We attempted to generate nanoparticulate LFP with a uniform carbon coating by including a carbon source (fructose) in the precursors, and further improve the rate capability by incorporating varying levels of vanadium dopant in the structure. We utilize a combination of experimental and theoretical techniques to indicate the location and effect of vanadium, and aim to provide a new insight into the behavior of these doped materials.
Experimental section

Synthesis
Carbon-coated vanadium-doped lithium iron phosphate samples (where the C is amorphous)
was synthesized using a pilot-scale continuous hydrothermal flow synthesis (CHFS) reactor incorporating a confined jet mixer (CJM), the design of which has previously been described in detail [34] , and schematics of both are shown in Figure S1 and Figure S2 respectively. 
Characterization
XRD patterns were obtained on a Bruker D4 Endeavour diffractometer using Cu-K radiation Chemical analysis for Li, Fe, V and P was performed by ICP-AES using dilute solutions of the samples dissolved in 1% HNO3 (aq.) (Department of Earth Sciences, University College London).
Transmission measurements were taken of the sample at the vanadium K-edge (ca. 5465 eV)
at B18, Diamond Light Source using ion chambers to measure incident and transmitted beams.
XAS data reduction and EXAFS modelling were performed on Horae Athena and Excurve 9.273 respectively [37, 38] .
Electrode preparation and electrochemical characterization
The cathode was prepared by mixing 80 wt% heat-treated sample, 10 wt% conductive agent (carbon black, Super P TM , Alfa Aesar UK) and 10 wt% Polyvinylidene fluoride, PVDF (PI-KEM, Staffordshire, UK). The PVDF was dispersed in N-Methyl-2-pyrrolidone, NMP (Sigma Aldrich, St. Louis, USA) for at least 1 hour at room temperature to ensure it was fully dissolved before adding the other two components. The mixture was ball-milled for 1 h, and the resultant slurry was cast on aluminum foil (PI-KEM, Staffordshire, UK) which was dried in an oven. Circular electrodes (with diameter of 16 mm) were punched out and pressed with a pressure of 1.5 tons cm -2 . The electrodes therefore had active material: carbon: binder ratios shown in Table S1 . The specific current and specific capacity was calculated based on the mass of active material (i.e. pure or V-doped LiFePO4) in each printed electrode.
Results and Discussion
Pure and V-doped LiFePO4/C were successfully synthesized in the pilot-plant continuous hydrothermal flow synthesis (CHFS) process [34] . Samples named LFP1 and LFP2 are both pure LiFePO4 samples coated with amorphous carbon, and samples named LFVP(x) [x = 2.5, 5, 10, and 20] are similarly carbon-coated vanadium-doped LiFePO4 samples, where x is the nominal vanadium at% (relative to total transition metal content). These samples were all heat-treated (to graphitize the carbon coatings) to give the corresponding samples named ΔLFP1, ΔLFP2 and ΔLFVP(x). The as-prepared samples after freeze-drying were generally fine, grey-blue powders, and heat-treatment of these samples gave black powders, where the graphitization of the carbon layer was confirmed by Raman spectroscopy (Figure S3 ).
Determination of Structure
X-Ray Diffraction (XRD) patterns of the as-prepared and heat-treated samples all showed the pure olivine structure (Figure 1a) was present which had a good match to JCPDS reference pattern number 00-040-1499. However, the samples ΔLFVP(10) and ΔLFVP (20) showed evidence of phase-separation to give a minor LiV(P2O7) phase (good match to JCPDS reference pattern 00-085-2381, Figure 1b ). Significant peak broadening was observed in the as-prepared olivine structures as the vanadium levels increased, which may be indicative of increasing lattice strain. The ability to achieve such a high dopant concentration (ca. 20 at%)
in the as-prepared material was confirmed by inductively coupled plasma atomic emission spectroscopy (ICP-AES) ( Table 3 ). The author thus suggests that this phase was a low temperature metastable product, which was only accessible due to the relatively low synthesis temperature (335 o C) and rapid conversion from precursor to product in the process, which occurs on a timescale of seconds or less. These dopant levels were in an excess of those normally found in the thermodynamic products, which are often made by higher synthesis temperature techniques [16] . The ability of CHFS-made materials to display increased dopant concentration in a host structure (compared to that achieved before) has previously been reported for other systems such as the extension of fluorite phase fields within the Ce-Zr-Y-O and Ce-Zn-O nanoparticle phase diagram [39] [40] [41] .
LeBail fits of high-resolution XRD patterns were used to determine changes in lattice parameter with increasing vanadium content ( Table 1 and Figure S4-8 LiFePO4, and these changes in the unit cell were found to lengthen the Li-O bond lengths and increase the ionic diffusion of Li + [8, 15, 16] . This suggests that the observed changes in the crystal structure were likely to be in part responsible for the improved performance of the doped samples.
Transmission Electron Microscopy (TEM) images of the heat-treated samples all showed significant agglomeration of the nano-sized crystallites to form fused networks (Figure 2 ).
The continuous, core/shell nature of the carbon coating was evident, and the carbon loading (quantified by CHN analysis) was consistent between the V-doped samples (range of 3.1-3.8 wt%, Table S1 ). Sample ΔLFP2 had spherical crystallite morphology, with <100 nm crystallite diameter. Upon increasing V content, the crystallite morphology and size changed markedly, with a larger platelet morphology (>100 nm plate diameter) becoming more pronounced at higher doping levels although there was significant variation in particle size and shape within samples. The contrasting morphology between samples ΔLFP2 and ΔLFVP (20) was additionally confirmed by FE-SEM microscopy ( Figure S9 ). Further investigation of the effect of vanadium doping on the surface energies and equilibrium particle morphologies of LFP using computational techniques could provide a deeper understanding for the changes of morphology observed.
Energy-dispersive X-ray spectroscopy (EDS) analysis of sample ΔLFVP(5) indicated a uniform dispersion of metals within the particles, implying homogenous doping of vanadium (Figure 3a-c) . Therefore, the increased performance of this sample cannot be attributed to the presence of impurities, and must be an effect of vanadium incorporated within the olivine structure. However, the sample with 10 at% vanadium content showed evidence of the phaseseparation observed in the powder XRD analysis, with nucleation of a V-rich phase on the surface of the particles (Figure 3d-g ). Elemental analysis of the impurity phase via EDS gave an approximate V:P ratio of 1:2, which is consistent with LiV(P2O7), and the presence of this phase may additionally affect cathode performance. (Figure 4 and Table S2 ). To facilitate the assignment of these EXAFS observations, a systematic computational DFT study of V-doped LFP was performed under periodic boundary conditions. The method and computational details are identical to those used to study pure LFP, Fe-and V-doped aluminophosphates (AlPOs) [42] [43] [44] . The stability of multiple oxidation states of vanadium and the flexibility of the olivine structure enable several modes of incorporation of V ions into LFP: with oxidation states of 2+, 3+, 4+ and 5+
in the Fe site, 4+ and 5+ in the P sites, and 2+ and 3+ in the Li sites. Full geometry optimizations were attempted for these configurations, and the effect of concentration was examined using supercells of different sizes (between 4 and 16 LFP formula units). /Fe 3+ or V in Li sites, but is rather associated with the charge-balancing defects induced by the hypervalent replacement, and agrees with earlier observations that supervalent dopant incorporation is unstable [45] . For each oxidation state and coordination number of V, we note in Table 2 Among the local environments of V described in Table 2 , only two offer a close match to the V-O bond distances measured experimentally by EXAFS; these are V 3+ /Fe 3+ and V 5+ /P 5+ .
The assignment of the short 1.68 Å V-O bonds, in particular, can only be attributed to tetrahedral V 5+ , whose presence in LFP has traditionally been discounted [20] . The ICP-AES was used to determine the vanadium content in the materials. The samples found to contain almost identical vanadium:iron ratios as expected from the precursor ratios ( Table 3 ).
The elemental ratios observed for LFVP(2.5) were consistent with the occupation of V ions on Fe and P sites. However, the elemental ratios of more heavily vanadium-doped samples are most consistent with substitution primarily on the Fe site. This is because the P levels are consistently deficient across the range of samples whilst the V levels increase at the cost of lower Fe levels. Therefore, EXAFS analysis of these higher level V-doped materials in conjunction with neutron powder diffraction (which is more sensitive to Li and can better differentiate between Fe and V than XRD) will be required to confirm the occupancy of V in different sites, and the relative benefits of substitution on the Fe or P site. Furthermore, lithium deficiency increased with increasing vanadium content, which may indicate the presence of Li vacancies or Fe-substitution on the Li site, which have been observed for highly vanadium-doped samples elsewhere [16] . Therefore, the generation of Li + vacancies from vanadium doping will also contribute to the increased performance of the doped samples.
Electrochemical Characterization
Cyclic voltammetry (CV) tests were conducted for all heat-treated samples at a scan rate of 0.5 mV s -1 , and they confirmed the presence of the Fe 2+ /Fe 3+ couple at 3.45 V in all samples (Figure 5a ). Additional electrochemical activity was observed in the first charge cycle of the sample ΔLFP2, and this activity was found to reduce between cycling ( Figure S10 ). This activity can be attributed to the irreversible reaction of a minor amorphous ferric impurity present in the sample, and has been observed in other LFP samples [47] . Pure LiFePO4 with the highest carbon loading (ΔLFP2) outperformed sample ΔLFP1, and hence ΔLFP1 is omitted hereafter for clarity ( Figure S11) . No additional activity due to vanadium was observed in the V-doped samples, even including ΔLFVP(10) and ΔLFVP (20) , which contained an LiV(P2O7) impurity. This is because the electrochemical activity of the LiV(P2O7) phase is beyond the voltage window used in these tests [48] . A noticeable trend in peak current was observed between samples; the peak current increased with increasing vanadium doping up to 5 at%, but then decreased for higher V-dopant levels. This implied that the ΔLFVP(5) sample had the optimal electrochemical performance in the set of samples.
The chemical diffusion coefficients of Li-ions within samples ΔLFP2, ΔLFVP(2.5) and
ΔLFVP (5) (5) respectively. These results should be regarded as qualitative and suggest that the 5 at% Vdoped sample was expected to be the best performing at high discharge rates, and indicate enhanced Li + diffusion kinetics with doping. The voltage profiles of the samples also confirm the presence of the Fe 2+ /Fe 3+ couple (Figure 5c) , and show no additional activity due to vanadium in any sample.
Despite the lower carbon content in the electrodes of the V-doped samples, they generally exhibited significantly better rate capability in constant-current tests compared the pure sample. While ΔLFVP(2.5) performed best at low current rates, the optimal high C-rate performance was observed for ΔLFVP(5) (Figure 5d ), which is in agreement with other reports in the literature [8, 11] . It is suggested that ΔLFVP(2.5) displayed the best low-rate performance as it had the smallest concentration of electrochemically inactive dopant and greatest Li + content. However, the capacity of ΔLFVP (5) and ΔLFVP(10) was greater at high discharge rates due to the greater concentration of Li + vacancies. This contrasting effect of dopants at low and high discharge rates has been observed previously by other researchers [50, 51] . Increasing the dopant beyond 5 at% was detrimental to rate performance, and suggested that the presence of impurity phases had a negative effect, which has also been observed for this material previously [11] . Most importantly, further testing of this composition gave an extremely high capacity of 119 mA h g -1 at a charge/discharge rate of 1500 mA h g -1 (ca. 9 C), which is impressive given the comparatively low 4 V voltage limit for the charge step (Figure 5e) , and confirms the synergistic effect of core/shell carbon coating and vanadium doping. After testing at 9 C, the capacity at a slow charge/discharge rate (0.3 C) recovered to over 150 mA h g -1 , and confirmed the stability of the electrode at high C-rates. Long-term cycle stability tests (1000 cycles at 1 C) of ΔLFVP (5) showed excellent capacity retention of >96% over 200 cycles and >70% over 1000 cycles ( Figure   S12 ), thereby indicating these materials could be stable for high power applications.
Conclusions
We have synthesized a high performance carbon-coated core/shell vanadium-doped LiFePO4
cathode via a continuous hydrothermal pilot-scale process. The combination of carbon-coating, nano-sizing and vanadium-doping dramatically improved the rate capability of the cathode material, with LiFe0.95V0.05PO4 achieving a reversible specific discharge capacity of 119 mA h g -1 at a high discharge rate of 1500 mA g -1 (approximately 9 C). This was comparable to the best performances achieved in the academic literature for similar materials [10, 15, 52] .
Moreover, when it is considered that these samples were optimized and made on a pilot-plant production scale of 6 kg per day, the result is even more remarkable and holds promise for future scale-up of larger cells in the future. The data from our combination of experimental and computational techniques are consistent with the assertion that vanadium doping can occur on both Fe and P sites within the structure. These types of doping have been observed separately, but never in conjunction previously. Furthermore, the crystal structure, crystallite size, impurity phase concentration and concentration of Li + vacancies varied consistently with increasing vanadium content, where the composition LiFe0.95V0.05PO4 achieved the optimal balance of these factors. Further studies using EXAFS and neutron diffraction will provide more clarity on the precise site of V doping. (5) at the C-rates shown. The sample ΔLFVP(5) was consistently shown to be best performing across these tests. 
